The spectrum of human immunodeficiency virus type 1 (HIV-1) protease and reverse transcriptase (RT) mutations selected by antiretroviral (ARV) drugs requires ongoing reassessment as ARV treatment patterns evolve and increasing numbers of protease and RT sequences of different viral subtypes are published. Accordingly, we compared the prevalences of protease and RT mutations in HIV-1 group M sequences from individuals with and without a history of previous treatment with protease inhibitors (PIs) or RT inhibitors (RTIs). Mutations in protease sequences from 26,888 individuals and in RT sequences from 25,695 individuals were classified according to whether they were nonpolymorphic in untreated individuals and whether their prevalence increased fivefold with ARV therapy. This analysis showed that 88 PI-selected and 122 RTI-selected nonpolymorphic mutations had a prevalence that was fivefold higher in individuals receiving ARVs than in ARV-naïve individuals. This was an increase of 47% and 77%, respectively, compared with the 60 PI-and 69 RTI-selected mutations identified in a similar analysis that we published in 2005 using subtype B sequences obtained from one-fourth as many individuals. In conclusion, many nonpolymorphic mutations in protease and RT are under ARV selection pressure. The spectrum of treatment-selected mutations is changing as data for more individuals are collected, treatment exposures change, and the number of available sequences from non-subtype B viruses increases.
and European studies published after the year 2000 were excluded, and isolates from untreated persons that had two or more established nonpolymorphic drugrelated mutations were excluded.
Treatment-selected mutations. To identify protease inhibitor (PI)-selected mutations, we compared the prevalence of protease mutations in PI-treated individuals to the prevalence in PI-naïve individuals. To identify RT inhibitor (RTI)-selected mutations, we compared the prevalences of RT mutations in RTI-treated and RTI-naïve individuals. For each drug class, treatment-selected mutations were defined as being nonpolymorphic mutations that occurred more than five times more frequently in treated than in untreated HIV-1 isolates and that were significantly associated with treatment by Fisher's exact test using Holm's method to control the family-wise error rate for multiple-hypothesis testing at a P value of Ͻ0.01 (15) . The P values were ranked in descending order. Starting from the smallest P value (rank r ϭ n, where n is the number of hypotheses), we compared each p of rank r with a significance cutoff of 0.01/r as long as p r was Յ0.01/r. All P values of p r …p n were considered to be statistically significant.
Distinguishing nucleoside RTI (NRTI)-from nonnucleoside RTI (NNRTI)-selected mutations.
Whereas the association between an RT mutation and RTI therapy could be made unequivocally, the association with NRTI or NNRTI treatment was more difficult because nearly all individuals who received NNRTIs also received NRTIs, with the exception of 1,055 women receiving a single dose of nevirapine (NVP) to prevent mother-to-child HIV-1 transmission.
Two indexes were therefore created to assess the impact of NRTI and NNRTI selection pressure: (i) the NRTI selection index was defined as the prevalence of a mutation in NRTI-experienced but NNRTI-naïve individuals divided by the mutation's prevalence in RTI-naïve individuals, and (ii) the NNRTI selection index was defined as the prevalence of a mutation in NNRTI-experienced individuals (nearly all of whom were also NRTI experienced) divided by the mutation's prevalence in NRTI-experienced but NNRTI-naïve individuals.
When 0, 1, or 2 mutations were detected in NRTI-experienced (but NNRTI-naïve) individuals, the NRTI selection index was considered to be 1.0 because of the possibility that such mutations may have resulted from a virus transmitted from a treated person rather than having been selected by NRTI therapy. When 0 mutations were detected in RTI-naïve or NRTI-experienced (but NNRTI-naïve) individuals, 1 was added to avoid division by 0 in downstream calculations.
RTI-selected mutations were grouped into five categories based on their NRTI and NNRTI selection indexes: (i) definite NRTI-selected mutations, defined as mutations with statistically significant NRTI selection indexes (P Ͻ 0.05 following Holm's correction) or for which there was phenotypic evidence of decreased NRTI susceptibility; (ii) definite NNRTI-selected mutations, defined as mutations for which the NNRTI selection index but not the NRTI selection index was statistically significant (P Ͻ 0.05 following Holm's correction) or for which there was phenotypic evidence of decreased NNRTI susceptibility; (iii) probable NRTI-selected mutations, defined as mutations at established NRTI positions (positions 41, 62, 65, 67, 69, 70, 74, 75, 77, 115, 116, 151, 184, 208, 210, 215 , and 219) that did not have statistically significant NRTI selection indexes after controlling for multiple comparisons; (iv) probable NNRTI-selected mutations, defined as mutations at established NNRTI positions (positions 98, 100, 101, 103, 106, 108, 138, 179, 181, 188, 190, 221, 225, 227, 230, 236, 238 , and 318) that did not have statistically significant NNRTI selection indexes after controlling for multiple comparisons; and (v) undifferentiated RTI-selected mutations, for which neither the NRTI nor NNRTI selection indexes were statistically significant.
HIV-1 RT structural analyses. For each of the new RTI-selected residues, we calculated the shortest interatomic distance between the residue and the incoming deoxynucleoside triphosphate, the NNRTI binding pocket, the established NRTI resistance residues, and the established NNRTI resistance residues. Distances between RT residues and the incoming deoxynucleoside triphosphate and established NRTI resistance residues were calculated using the coordinates from the X-ray crystallographic structure (Protein Data Bank [PDB] accession number 1RTD) described previously by Huang et al. (16) . Distances between RT residues and the NNRTI NVP and the established NNRTI resistance positions were calculated using the coordinates from the X-ray crystallographic structure (PDB accession number 3HVT) described previously by Kohlstaedt et al. (23) . PI-selected mutations. Table 1 shows 88 nonpolymorphic PI-selected mutations at 40 protease positions that were more than five times more prevalent in PI-treated than in PI-naïve individuals. This number represents an increase of 47% compared with the 60 mutations at 34 positions identified in our 2005 study. Compared with the 2005 analysis of 8,426 sequences from 5,867 individuals, seven mutations (V11I, K20I/V, L33F, E35G, and T74A/S) were not considered to be PI-selected mutations because they were polymorphic in one or more non-B subtypes. The current analysis, however, identified 35 additional nonpolymorphic PI-selected mutations.
RESULTS

HIV
Among the 35 new nonpolymorphic PI-selected mutations, 12 were at nonpolymorphic PI resistance positions, including L24F/M, G48A/L/Q, G73V, V82C/M/L, N83D/S, and N88G; 10 were at established polymorphic PI resistance positions, including L10Y, V11L, I13M, L33M, K43I, A71L, T74E/K, L89T, and T91S; and 13 were at positions not generally considered to be associated with PI resistance, including A22V, E34D/N, L38W, K45I/V, G51A, K55N, I66V/L, C67L, and C95V/L.
Of the 88 PI-selected mutations, 35%, 13%, 7%, 9%, 12%, and 24% were present on five, four, three, two, one, and none of the five expert mutation lists, respectively. Of the 35 new mutations, 15 were on one or more expert lists, including four mutations that were previously reported to reduce susceptibility or to be selected by one or more PIs: V82L (2, 10), V82M (5), N83D (2) , and T91S (6, 10, 21) . In other studies, A22V (30), L24M (2), and E34D (2) were significantly associated with PI exposure.
The proportion of sequences with a new PI-selected mutation was highly correlated with the number of previously published nonpolymorphic PI-selected mutations (Fig. 1A) . Some of the new PI-selected mutations rarely occurred in viruses PI naïve (n ϭ 17,581) containing less than three previously published PI-selected mutations (e.g., G48A/L/Q, A71L, V82C, and T91S); other new PI-selected mutations occurred frequently in viruses containing less than three previously published PI-selected mutations (e.g., V82L and L89T). Although only 12% of the PI-treated viruses belonged to a non-B subtype, for four mutations, V82M, N83D, N88G, and L89T, non-subtype B isolates contributed more than 33% of the total number of new PI-selected mutations. RTI-selected mutations. There were 122 nonpolymorphic RTI-selected mutations at 63 positions that occurred more than five times more frequently in RTI-treated than RTI-naive individuals. This represented an increase of 77% compared with the 69 RTI-selected mutations identified in a similar anal- Of the 67 NRTI-selected mutations, 24%, 14%, 13%, 6%, 16%, and 27% were on five, four, three, two, one, and none of the five expert mutation lists, respectively. Of the 30 new mutations, 11 were on one or more expert lists, including 6 mutations which were previously reported to reduce susceptibility or to be selected by one or more NRTIs: E40F (18), D67del (19) , T69G (19) , K70E/G (4, 9), and N348I (12, 36) . In an independent study of 457 RTI-naïve and 1,247 RTI-experienced individuals, I31L, K64H/N/Y, T165L, E203V, R211D, and K223E were observed in five or more RTI-treated but in no RTI-naïve individuals (7). In addition, I31L (25), K64N (25), T165L (25) , and K223E (28) were previously reported to possibly be associated with RTI therapy in other studies. Figure 2A shows the locations of the 10 new NRTI positions within the three-dimensional structure of the polymerase coding region of p66 HIV-1 RT. I31, E40, and K64 are in the finger subdomain. T165, I167, E203, R211, and K223 are in the palm subdomain. A304 is in the thumb subdomain, and N348 is in the connection subdomain. Other than T165 (7 Å from Y181), K223 (3 Å from V108 and P225), and N348 (4 Å from L318), none of the new NRTI positions are within 10 Å of any established NNRTI resistance residue.
NNRTI-associated mutations. Table 3 shows 46 nonpolymorphic NNRTI-selected mutations at 28 positions. Compared with the 2005 analysis, we identified 20 new nonpolymorphic NNRTI-associated mutations, including 9 mutations at known NNRTI-associated positions (K101H, K103H/T, V179F, G190C, H221C, F227Y, K238N, and Y318F) and 11 mutations at new positions (I94L, K102N, S105T, T139R, I178F, K223T, Y232H, L234I, D237E, V241M, and Q242L).
Of the 46 NNRTI-selected mutations, 37%, 11%, 13%, 4%, 9%, and 26% were on five, four, three, two, one, and none of the five expert mutation lists, respectively. Of the 20 new mutations, 7 were on one or more of the expert mutation lists, including 6 mutations which were previously reported to reduce susceptibility or to be selected by one or more NNRTIs: K101H (25, 34), K103H (13), V179F (33), G190C (17), K238N (31), and Y318F (14) . In addition, L234I was reported to emerge during etravirine selection pressure in vitro (33), I94L and K102N were observed in five or more RTI-treated compared with no untreated individuals, and T139R was observed in 14 RTI-treated compared with 2 untreated individuals in a study reported previously by Ceccherini-Silberstein et al. (7) . Figure 2B shows that the new NNRTI resistance positions are either close to the NNRTI binding pocket (NVP) or close to one of the established NNRTI resistance positions: I94 (8 Å from NVP and 5 Å from Y181), K102 (4 Å from NVP and 1.3 Å from K101 and K103), S105 (6 Å from NVP and 1.3 Å from V106), T139 in the p51 monomer (8 Å from NVP and 5 Å from Y181), I78 (7 Å from NVP and 1.3 Å from V179), K223 (9 Å from NVP and 3 Å from V108 and P225), Y232 (6 Å from NVP and 3 Å from F227 and M230), L234 (3 Å from NVP and 4 Å from K238), D237 (6 Å from NVP and 1.3 Å from P236 and K238), V241 (12 Å from NVP and 7 Å from M230), and Q242 (13 Å from NVP and 7 Å from F227, M230, and K238) are adjacent to the NNRTI resistance residues that comprise the NNRTI binding pocket.
Mutations possibly associated with NRTI and NNRTI therapy. There were nine undifferentiated RTI-selected mutations: S3C, T58N, L109I/V, V117A, E203A, W212M, L228N, and Q242K. None of these nine mutations were present on any of the expert lists. However, S3C, L109I, and E203A were previously reported for five or more RTI-treated but no untreated individuals in the study reported previously by CeccheriniSilberstein et al. (7) . Figure 3 illustrates the ratios of the NNRTI selection index divided by the NRTI selection index for each of the 122 RTI-selected mutations. Mutations are colored according to whether they meet the criteria for being a newly identified or previously reported NRTI-or NNRTIselected mutation or an undifferentiated RTI-selected mutation. Figure 2C shows that for the mutations S3C, T58N, V117A, K203A, and W212M, the shortest interatomic distance to an established NRTI resistance residue was much smaller than the distance to an established NNRTI resistance residue. In contrast, for the mutations L228 and Q242, the shortest interatomic distance to the established NNRTI resistance mutation was much smaller than the shortest distances to each of the established NRTI resistance residues. Residue L109 is adjacent to the active-site aspartate D110 and to NNRTI resistance position V108 and is 7 Å from M184. None of the undifferentiated mutations occurred at positions in the RT p51 monomer close to the NNRTI binding pocket.
The median number of studies reporting each of the nine undifferentiated mutations was 7 (range, 5 to 14), and the median nucleotide distance among sequences with each of the mutations was 8.4% (range, 7.3% to 11.1%). The fact that these mutations were reported in several studies and were present in highly divergent isolates excludes the possibility that their association with treatment was a result of a founder effect.
DISCUSSION
We analyzed Ͼ30,000 RT and Ͼ30,000 protease sequences from Ͼ25,000 HIV-1-infected individuals and identified 122 nonpolymorphic RT mutations that occurred more than five times more frequently in RTI-treated than in RTI-naïve individuals and 88 nonpolymorphic protease mutations that occurred more than five times more frequently in PI-treated than in PI-naïve individuals. The 122 RTI-and the 88 PI-selected nonpolymorphic mutations represented increases of 77% and 47%, respectively, compared with the 69 RTI-and 60 PIselected mutations identified in a similar analysis that we previously reported in 2005 (26) .
In the 2005 study, treatment-selected mutations were de- b A total of 7,312 of 8,367 individuals also received NRTIs. c The NRTI selection index is the ratio of the prevalence of the mutation in NRTI-treated but NNRTI-naïve patients to the prevalence of the mutation in RTI-naïve patients. The NNRTI selection index is the ratio of the prevalence of the mutation in NNRTI-treated patients to the prevalence of the mutation in NRTI-treated patients. d A, ANRS; H, HIVDB; I, IAS-USA; L, Los Alamos National Laboratory; R, Rega. A checkmark indicates that the mutation is present on the expert list indicated.
fined as occurring more than two times more frequently in ARV-experienced than in ARV-naïve individuals. However, in the 2005 study, all but three of the 129 treatment-selected mutations occurred more than five times more commonly among treated individuals. The control for multiple-hypothesis testing used in this study and in the 2005 study made it unlikely that nonpolymorphic mutations with a less-than-fivefold-increased prevalence in treated patients would be found to be significantly associated with ARV therapy. Therefore, in the present study, we defined treatment-selected mutations as those occurring more than five times more commonly among treatment-experienced than among treatment-naïve individuals.
In the 2005 study, we analyzed only subtype B sequences and defined nonpolymorphic mutations as those occurring in Յ0.5% of untreated individuals infected with subtype B viruses. In the current study, we analyzed all group M subtypes and defined nonpolymorphic mutations as those occurring in Ͼ0.5% of treatment-naïve individuals in no more than two subtypes or in a single subtype with Ͼ1,000 published naïve sequences. The definition for nonpolymorphism in the current study was similar to that used in a recently reported study that developed a list of 93 nonpolymorphic drug resistance mutations deemed suitable for identifying transmitted drug resistance (surveillance drug resistance mutations [SDRMs]) (3) .
There are two differences, however, between the 210 treatment-selected mutations in this study compared with the 93 SDRMs. The SDRM list included only those nonpolymorphic mutations that were present on three or more expert mutation lists, whereas this study included all nonpolymorphic treatment-selected mutations regardless of the number of expert lists in which a mutation appeared. In addition, the SDRM list excluded nonpolymorphic mutations that occurred at positions that commonly contained polymorphisms. For example, the nonpolymorphic protease-selected mutations L10F/R/Y and A71I/L were excluded from the SDRM list because L10I/V and A71V/T are common polymorphisms. All but three SDRMs (the T215 revertant mutations T215S/D/E) were among the 210 treatment-selected mutations in this study.
This study contained non-subtype B RT sequences from about 6,500 RTI-naïve and 4,500 RTI-experienced individuals and from about 8,000 PI-naïve and 1,500 PI-experienced individuals. The non-subtype B data influenced the list of nonpolymorphic treatment-selected mutations in two ways. First, several mutations, including the PI-resistance-associated mutation L33F and the RTI-resistance-associated mutations E44D, V75I, and V108I in RT, were not classified as treatment-selected mutations because they had a prevalence of Ͼ0.5% in one or more subtypes. Second, non-subtype B sequences contributed to the statistical significance of several treatment-selected mutations. As the number of non-subtype B sequences from untreated individuals increases, it is likely that non-subtype B viruses will further influence the spectrum of treatment-selected mutations.
The vast majority of new treatment-selected mutations occurred in the presence of previously described treatment-selected mutations, suggesting that the increase in the number of new treatment-selected mutations since 2005 is a consequence of the increased number of sequences in the current data set, particularly from heavily treated individuals. Although two new PIs (tipranavir and darunavir) and one new RTI (the NNRTI etravirine) were licensed between the 2005 study and the current study, fewer than 300 individuals in this study received one of these new ARVs. For several of the uncommon newly identified RTI-selected mutations, it was not possible to determine whether the mutation was selected by NRTIs, NNRTIs, or both classes of RT inhibitors. Moreover, certain mutations at positions 203, 223, and 228 have been strongly associated with NRTI therapy (E203KV, K223QE, and L228HR), whereas others at the same position have been strongly associated with NNRTI therapy (K223T) or have been undifferentiated (E203A and L228N). Likewise, Q242L was strongly associated with NNRTI therapy, whereas Q242K was undifferentiated. Of note, the distances of these residues from known NRTI and NNRTI resistance positions did not conclusively support an association with either drug class. The concept that one mutation might contribute to both NRTI resistance and NNRTI resistance is not new. The NRTI resistance mutations L74V/I and V75I were reported to The NRTI selection index is the ratio of the prevalence of the mutation in NRTI-treated but NNRTI-naïve patients to the prevalence of the mutation in RTI-naïve patients. The NNRTI selection index is the ratio of the prevalence of the mutation in NNRTI-treated patients to the prevalence of the mutation in NRTI-treated patients. d A, ANRS; H, HIVDB; I, IAS-USA; L, Los Alamos National Laboratory; R, Rega. A checkmark indicates that the mutation is present on the expert list indicated.
occasionally emerge during NNRTI selection pressure (22, 35) , and the RT mutation N348I was reported to be associated with decreased susceptibilities to both zidovudine and nevirapine (12, 36) . Several of the newly identified treatment-selected mutations have already become established drug resistance mutations, whereas others have been noted in one or more independent data sets. The phenotypic and/or clinical significance of the remaining novel mutations has not been studied, which explains why these mutations are often not present on existing expert mutation lists developed for genotypic resistance interpretation or for educational purposes. Several of these mutations, however, may be of clinical significance and should be considered for inclusion on current genotypic resistance reports because they occur at positions at which other mutations markedly reduce susceptibility to one or more drugs. Examples of these types of mutations include G48A/L/Q and V82C/M in protease and K70S/T/N/Q, V75A/S, K101H, K103H, G190C, F227Y, L234I, and K238N in RT. The effect of most of these mutations on drug susceptibility is not known, but they are likely to be associated with a decreased susceptibility to one or more ARVs in the ARV class responsible for their selection.
